Laser absorption spectroscopy (LAS) is a useful technique for sensitive quantitative measurement of plasma parameters. We used LAS to obtain plasma profiles inside the 1 miniature ion thruster developed by the Institute of Space and Astronautical Science of the Japan Aerospace Exploration Agency; this thruster is intended for installation on small spacecraft weighing up to 50 kg. It operates at low microwave power (1 W) and has been developed as a complete system, including a neutralizer. At present, the thrust efficiency of the 1 thruster is not as high as that of standard ion thrusters and optimization is required. A detailed profile of plasma inside the discharge chamber is necessary for further improving performance. We developed an experimental LAS setup with spatial resolution of 0.1 mm for a modified 1 thruster model. The number density distribution of neutral particles in a metastable state was measured and found to be about 10 17 m -3 .
Introduction
Electric propulsion systems for spacecraft are being developed toward two goals: greater power and smaller size. On the one hand, more powerful systems are required for space exploration and quasi-zenith satellite deployment. On the other hand, smaller systems are required for the microsatellites and nanosatellites expected to be deployed instead of conventional large satellites to reduce launch costs and the risk associated with single-spacecraft missions 1) . The 1 ion thruster was developed by the Institute of Space and Astronautical Science of the Japan Aerospace Exploration Agency (ISAS/JAXA). This thruster is feasible for installation on small spacecraft weighing up to 50 kg. A schematic diagram and a photograph of the 1 thruster are shown in Fig.  1 . Microwaves with a frequency of 4.2 GHz are introduced into the chamber by a ring-shaped antenna. Two ring-shaped permanent magnets are installed on the bottom of the chamber to generate plasma by electron cyclotron resonance (ECR) heating. A working gas (xenon) is fed through holes in the yoke plate and into the space between the two magnets. The 1 thruster can operate at low microwave power (1 W) and has been developed as a complete system, including a neutralizer. The thruster was named 1 ("mu-1"), because it utilizes a 1-cm-class beam and a 1-W-class microwave power source 2) . However, the performance of the 1 ion thruster is not as high as that of standard or large ion thrusters, which have a long research history (since the 1960s) and thus have a mature design, especially the discharge chamber. The thrust efficiency of large thrusters reaches 40-60% depending on the power level. In contrast, research on miniature ion thrusters commenced in the 2000s, and the thrust efficiency has not yet reached 20%, leaving ample room for further optimization. In particular, ECR plasma has a characteristic length determined by the microwave wavelength, and so smaller sizes require more sophisticated modeling, specifically tuned for the small scale, as well as plasma sizes different from those in standard thrusters 3) . Our goal is to obtain the plasma profile inside the ion thruster and revise our plasma model to increase the thruster's performance. There are several requirements for the measurement to achieve this goal. First, the measurement must be non-intrusive because the microwave pattern is easily disturbed by the insertion of electrodes. Second, quantitative measurements, particularly of the absolute number density of plasma, are essential for accurate plasma modeling. Third, the small physical size of the thruster requires high-resolution measurements. In this study, our objective was to develop a number density measurement system fulfilling these requirements. Thus, we designed a basic laser absorption spectroscopy setup and a high-resolution 2D scanning system 3) and measured the number density of neutral xenon particles in a metastable state (Xe I 823.16 nm) to demonstrate its effectiveness.
Laser Absorption Spectroscopy
Laser absorption spectroscopy (LAS) is a useful technique for sensitive quantitative measurement of the number density and translational temperature of plasma particles. A laser beam with a wavelength adjusted to the energy level of the particles targeted in the measurement is swept around the wavelength and irradiated onto a plasma source, in which the target particles transition to a higher excitation state. Laser absorption occurs as a function of the number density of the target particles. When a laser beam passes through a medium, the relationship between the intensities of the incident and transmitted beams obeys the Beer-Lambert law:
where l is the absorption path length (plasma length) and k is the absorption coefficient. From Eq. (1), the absorption coefficient is 0 ln 1
The absorption coefficient is a function of frequency, and the relationship between absorption and number density is . 8
That is, the number density is obtained by integrating the absorption profile over the frequency.
In this study, we measured the number density of neutral xenon particles in a metastable state (Xe I 823.16 nm). Particles in the metastable state have a long lifetime (about 40 s) and high density. Therefore, their absorption coefficient is high and absorption is relatively easy to measure. Neutral xenon particles in a metastable state are thus suitable for demonstrating the basic characteristics of the measurement system [4] [5] [6] .
Experimental Setup

3.1.
1 visualized model A 1 ion thruster was modified to allow the internal structure to be observed directly. A photograph and a schematic illustration of this model (referred to as the 1 visualized model) are shown in Fig. 2 . There were three differences between the original 1 ion thruster and the 1 visualized model. The first modification was the replacement of the metal walls with glass walls, which made it possible to transmit a laser beam through the discharge chamber. The second modification concerned the discharge chamber itself, whose shape was changed from cylindrical to cuboid. The third modification was the substitution of the grid in the acceleration mechanism with an orifice plate in the 1 visualized model. The magnet rings and microwave antenna were unchanged. The visualized model was designed for validation of the basic measurement system. Therefore, in this study, we did not consider differences in plasma profile between the original 1 thruster and the visualized model caused by the modification of the discharge chamber. 
LAS setup
A schematic diagram of the setup for the LAS experiment is shown in Fig. 3 . The infrared single-longitudinal-mode diode laser (OPNEXT 8325G) has a nominal wavelength of 830 nm at 25 °C and a typical output power of 40 mW. The laser diode was placed on a thermoelectrically cooled mount (Thorlabs TCLDM9), and its current and temperature were controlled by precision diode laser drivers (Thorlabs LDC202 and TED200C). The wavelength was adjusted toward the target value of 823.16 nm by temperature tuning. Around this wavelength, fine wavelength scanning was conducted by current tuning using triangular waveforms generated by a function generator. One part of the emitted laser beam was transmitted into a wavemeter to measure the beam wavelength, after which it was transmitted into a confocal . Fig. 3 . Experimental setup for number density measurement in a 1 visualized model by laser absorption spectroscopy.
Laser probe path
The laser probe path in the vacuum chamber of the 1 visualized model is shown in Fig. 4 . The single-mode optic fiber had a mode field diameter of 5.6 m and a numerical aperture of 0.12. The other end of the optic fiber was installed inside the vacuum chamber and emitted a beam that was collimated by a molded glass aspheric lens (Thorlabs C150TME-B). The lens had a focal length of 2.0 mm, and the expected diameter of the collimated beam was 0.48 mm. The collimated beam entered the 1 visualized model, and the beam passing through it was transmitted to a multi-mode optic fiber (Thorlabs GIF50). This optic fiber had a core diameter of 50 m and received the beam directly through its end surface. Hence, only the part of the beam which arrived at the core of the multi-mode optic fiber end was propagated. Thus, the maximum resolution of this laser probe system was equivalent to the diameter of the optic fiber core, or 50 m. The emitting port of the single-mode fiber, the beam collimation lens, and the detecting port of the multi-mode fiber were all fixed onto a rigid aluminum stage installed on a two-axis liner stage system driven by stepping motors 3) .
2D number density distribution measurement system
The 1 visualized model was fixed on one of the walls of its vacuum chamber. The density distribution in the y-z plane was obtained by moving the two-axis stage relative to the fixed model. The stepping motor used to drive the two-axis stage was controlled by a controller that moved the stage according to a sequence control program. In this way, the number density distribution was measured automatically by scanning the wavelength while moving the stage continuously. The signal from the stage controller was recorded together with other experimental data, which were automatically analyzed with a specially developed program to obtain the number density distribution. Experimental setup for 2D number density distribution measurement system.
Experimental Results
Absorption profile
The experimental conditions are shown in Table 1 . The photodetector signals for the beam passing through the 1 visualized model and the xenon discharge tube are shown in Fig. 6 . The latter was used as a reference absorption profile, which was clearly different from the profile obtained from the photodetector signal for the beam passing through the 1 visualized model. This is attributed to the effect of the magnetic field in the 1 visualized model. The signal for the xenon discharge tube is almost linear in regions outside the absorption wavelength, whereas the signal for the 1 visualized model is non-linear. The photodetector signal for the 1 visualized model without microwave power input (and hence no plasma) is shown in Fig. 7 . The photodetector signal for the 1 visualized model was markedly different from the reference profile, even though there was no plasma in the discharge chamber. This phenomenon is attributed to interference caused by the laser beam passing through the glass wall. To obtain accurate measurement results, we eliminated the effect of the glass wall by conducting the calculation based on the intensity of the transmitted laser beam without microwave power input instead of using the beam incident to the 1 visualized model. Figure 8 shows two plots of the intensity of the transmitted laser beam, where the continuous line represents the intensity of the transmitted laser beam with microwave power input, in which case the signal was affected by both the plasma and the glass wall. In contrast, the intensity of the transmitted laser beam without microwave power input (broken line) was affected by only the glass wall. Therefore, we were able to calculate the absorption coefficient precisely using the difference of the two data sets (Fig. 9) . 
Number density distribution in the y-z plane
The number density distribution was measured at multiple points using the method described above. The experimental conditions are shown in Table 2 . Due to the shorter experiment duration, the sweep frequency was different from that in the preceding experiment. However, this did not affect the results of the experiment. The measurement region was a rectangular section of 3 × 20 mm, and the measurement interval was 0.1 mm. The number density distribution of metastable Xe I 823.16 nm is shown in Fig. 10 , where the measurement region (outlined in red in the left panel) includes the base of the antenna and the downstream wall. The black sections in the right panel correspond to regions where analysis was impossible because the laser beam did not pass thorough the discharge chamber due to collision with the antenna or the wall. Hence, the black sections appear in the shape of the cross-section of the antenna and the wall. Near the antenna, the number density was about 10
16 -10 17 m -3 . This is a reasonable result based on comparison with previous studies on ECR plasma sources 6) . However, near the wall, the number density is nearly zero or even negative. Thus, it is considered that LAS has low sensitivity for regions near walls, where the number density is low. 
Conclusion
In this study, LAS was used to analyze the number density Xenon discharge tube distribution of neutral particles in a metastable state (Xe I 823 nm) in a modified 1 model. Measurements were taken at over 6000 points with a 0.1 mm spatial resolution. Near the antenna, the obtained number density was found to be reasonable when compared with the value obtained in related studies on ECR plasma sources.
